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SECTbION I

INTRODUCTION

This repoit presents the results of an expertient' l evaluation of the
single stag&e, supersonic axial cupjressor described in Reference I and
modified according to Reference 2. This cocrorssor was designed for an
over-all stage total pressure ratio of 3.06 to 1 at an isentropic efficiency
of 81.5 percent. Design tip speed wass 1600 ft/sec at standard conditions,
and the inlet hub/tip radius ratio was 0.75. There were no inlet guide
vanes. The modification described in Reference 2 cotsisted of redesign of
the rotor to incorporate a "splitter vane" betwoen each of the principal
rotor airfoils. The splitter vane consisted of an ahl'doil located d.rcum-
ferentially mid-way in the downstream half of each rotor blade passage
and extending full span.

The compressor tested was designed for diffusion levels beyond the
range of past experience in both rotor and stator. This choice was
deliberate in order to provide a suitable test bed for the evaluation of
boundary layer control devices applicable to a ccmpressor and to obtain I
data at values of Diffuskon Factor above 0.5. The perfornmnce of the
original design, reported in Reference 3. was extemely poor. The results
reported herein, obtained after the addition of splitter vanes, represent a !
major imrovenent in both rotor and stage performance. The rotor performed
relatively close to, although somewhat below, design goals. Stage perfor-
nmance was still significantly short of design objectives. No boundary
layer control devices were irnstalled for this test.

"The second section of this report describes the test facility flow
path, the compressor test vehicle, and the complete instrumentation system.
Section III describes the procedures used in taking data and subsequently
in reducing the data. The rer ults of the test are presented in Section IV.
Section V, the last section, summarizes the conclusions drawn from the
data. Appendix A presents detailed aerdyxnmic results, including coupting
stations within blade rws, for the data point on each speed line corres-
ponding to peak stage efficiency. The .uAt oJ Ae Appn A ptovide
auAgiciet data 6uch that anty 'iade't &oLhi~nq to pko~ua 'any defta point not
JuLWJ ptesented Izeteu, ox W6hiag to potoceu~ any dafta point d&i6etentty,D
can, oidth the ai~d oJ Re6eAectaeA 6 and 7 . comptetety urpltoce&& the dafta
oh adapt Vie ~Am data to hisa own daft '4educ~tion 6dekw.

t
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1. P'ACMITr FLOW PAWl

"be test fbellity used is of the apett-ILo -v?4etyr. It In
schematica1lly shown In Figure 1. Air s*4teU theU2 tcitkmthr a
filter desipied to rme five ulciu pefticle it xa 99.5 -PMf~
efficiency - g air then passe thro#_* a 30ý-Inh dw*t tO -a DII FlOW
Ibe located aot six pipe dimtr dowatrwauL x~ tw* Pipe

diaetes frthr mistream, the air-s twiid -9 dgea UMithe&
of tuwnii vanes andi then pines thrU401 A peroi'tRted plate 6351WC1 t
reduce inlet presaase , pomate Iv three pat at 24 - ib/ses flo at
standkldarlIaeepei coafltIors. FUolloof thiU the 81r psM thrOv*
a tub~e bWndle awi suiampoeftly eutier a 48-Itib diameWr SOMIMz
chintber. The settlIzM choer containsa a, ps'VrAtd cegg01M flow
spreader and two scew pattenied ~fe the raoel te k we
In JeereceC Pi4 rm the etri eras ttvhecqsW

deflected radially oubgwd to a perlphuml thrattle. ~ ~atl
consists of' one statiover7 and cm rotatixt q-ica u.e* it
16 ci tci~nwtially dIstributed natchirs wIv. Tiwatt1urC taint
at a diameter of offcs aurtely 147 inche. towmmtrew Of 'the thi~tU*
the flow erters a collector., from *iich It is pnisd thauW a 214-Uob~
duct to a silwower and back to the ata*w I A fbget±i 'W
type valve, bypassing the thro~tte valve Is aiso 801ildle to reliev
ma~W conxlitions. A cutaway &wd of tbhe c=PIBe test f~iltY 13
shown in FIVwe 2.

A wcos eaitiai oefl wthe~ rsairc bOR ,8T 18 *K~ oin Fl om 3.
7edsg Mso eae betiev eiried roarSM$ rOt forad tip 1Ch.u

contrlled p caron wQ i-teba ar 0.020inc ?b OU~ 06~b IuAW
with the rotor at rest Is 0.037 to 0.039 100h. Fj* 01MUMn at dm191

spee Is vdlzed t-be .020imc wte aom*-6 bl bengi *
of4 thew meath aroto sahL b rto siaf Isc~ve satedt in tal ineftp.

padni m~t desno*ewd o=5inch. The bulltwn and Inlet
flow area eatramction ratio betwwm the trailin edW p1mW of the
stnits and the lmding I.g p~aw of the rotor In 2.72 to 1. &Arfae
finish on all sxwf~e adjaoet to the flow Wtftea o tht b~1ZtfI
m4*xr*, struts 1s 32 sirelnchs or -bett, w. An absIWA* .eowUtMs
been e'pqfloyd in the =1a oxwneS~t to the ratcar Up. ftmwr. vp
r~ubs have been e eri~edts ~w in stall. 12he rotor In of 1tsV*I
co'~strut!m,, the blades ai dIsic -beIM Am~dmd 1'r= a Ingle fbrag
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of 6AI-4v Utaniun. The stator blades are individually inserted but are
mmahned tgeralaly with platforms- at hut and tip. lthe gap betwen
a4jaoent plztforrc lies In the Tange of 0 to 0.002 Inch. A photog4h
of the rotr' is zshon in Figurv.- 4.

3. CC#T'S0= DMUM4TA Ut
Aerox~dyna icnstruettlcm in the conreassor consist.- cf measur•n

points in ltetoa leading edges for total pressure and ten35ature, rakes
&Wmstream of the stators for total pressure and temperature, a larg
mzber of static pressure taps dlstributed on the irier and outer flow
mth and o(x the surface of ore pair of stator blades, and dynamic wal
rpLeszx• e meauremnents -made over the rotor "ip. Masure•ents of' inlet
trtal prets-ve and te-perature, mass flow, •elative huwddity, and rotor
speed are accormli.ced ottsIde of the ccarwessor and are discussed in
pxva•raph 4 of Section !I. The Supersonic Compressor research vehicle
r.&-: a total of 133 sensors neasuring aerodynxic parameters at various
points thri:.,•cOut the stage. Refer tk. •PI•re 3 and Table I for specific
locations. Sowe of the ttatic pressuren ame sensed at -more thsn ore
point and are narlfolded to beccoe, in each case, a si.Zle measurement.
Rtgure 5 shws the vehicle instrumentatlon bulkhead.

a. Temperaturre Yasurements.

(1) Location

A total of thirty-nine C- r~el-Alumel tVer••couples are
used to cense tt,-peratume. Four are mounted in the plenum, ten aremuonted In the vane leading edges, and twen~ty-five are located in the
ftve dischasge plane rakes. The vane ledn edge and the rake motte
t.1-ermocoulez ar-e of the slot vented pro:be type (Figures 6, 9a., and 10).A itailid analys'. of the features of the slot vented design., along ith

recove-' factor ciaracteristics, muy be found In Reference 5. The rakes
wer_ iesined with the sensors dividing the discharge anrulus o equa-
radia ilcf �n r utile ircumferential spacing i- on divisions equal
to 2.2 tL--i tihe distance between vane trailing edges. In Figure 3,
the ritschan•ce plane dr-,wi•n., is in error. III temperature rake shown at
2CS1 31' thould be located st 2110 331.

The ten stator lea-diriz edge themnDcouple probes aremurmted on four mnes with turo van.z ha•ving two the.ocou0!es arid two
vanes aiintr i:•ree thermocouples. As with the disch•a•e rakes, these

pmej-:! alozae odvd:aill h ttramlsit fiveequal • •-, ' al-- .... thn_eqP ...............- , oweve-ýr, ln tiewe with two serzom -per radius,

4All tijer~iocouples wee tarbicated fa individual•y
Inrsulated, ming l is of Chnvm&. arxi Alutei wire. Sawples were taken
perlodio.a ly along the rolls as ti, e thet ocouples were oade for vehicle
inztallacn. lhese saMle ther Mj.les were i_%librated agn.st a
zrndel 1.62 piatU_?uý= mresiztance bulb Primus, standard immufactured by



Roscintunt Engineerdng Company. A constant- temperature oil bath, made by
Lauda Division of Brinkman Instruments, :LrI. was used as the heat medium.
7he bath was set at four different temperatures within the range of
interest. The results, indicated in Table 2, show a worst case error
of plus or minus 0.50F at the higbest terterature.

With thermneouple calibrated as indicated, the entire
electronic system employed to record temperature data was examined. The
results are shown in Table 3. Taking the worst case error, at the hilihest

te atemperature, for both the thermcouples am readout system yields a
rmaximum error of plus or minus 0.9 0F. The wore realistic RSS error goes
from 0.23*F at 150 degrees to 0.650 F at 350 degrees. Finally,, When
recovery factor variation is added, the RSS error at 350OF becomes plus
or minus 1. 0F. Figa-e 7 depicts the equiprrait used in the calibrations.

b. Pressure Measirements

(1) Location

Thirty-five static (PS) and thirty-five total (PT) pressures
are measured in the vehicle flowpath. Twenty-five of the static taps
are distributed at various points on the compressor flowpath liners. In
p.articular, ten of these are located over the rotor blade tip, starting
at 0.25 inch axially forward of the leading edge and following at 0.25
incn axial intervals extending downstream. A further ten statics are
located approximately mid-chord radially on two vares with seven suction
side taps on one vane and three pressure side taps on the other.

The ten vane mounted total pressure probes are of the Kielstagnation tube desigi (Figure 8) and are mounted with two sensors on

Seach of two vanes and three on each of two other vanes. A1. are radially
located to divide the annulus into five equal parts, with two measure-
ments per radius. The other twenty-five are Impact tubes mounted as five
i-ladi roakes of five sensors each,, dividing the discharge, arnnlus into

equal inc s which are circumferentially spaced in a manner similar
to that of the tenperatue rakes. An impact pressue rake is shown in
Figure 9.b.

Located for use in conjunction wirh the static taps
placed over the rotor blade tips are eight Kistler M4odel Number 603A
pressure transducers and a Bentley Model 316 proximity detector.
SBecmme of problem observed at high speed with the Kistler dynamic
pressure data, no further mention will be made of this sytem.

(2) Calibration

Four Statham strain gage type transducers are used to KJ
convert the various pressures into electrical signals for processing
tbroug readout and recording. One transducer is located in each of four,
forty-eigt port Scanivalve sequential pressure switching devices. 2Ve
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pressures to be s'n-led are cnnected to old numbered ports while twderat.e

vacuum is applled to all even (Rourl'in) ports to minimize hysteresis
effects.

c�av .ivree calibr-L,*.-:.n p.rssures a-e sensed b.y all four
Scavalvo.: on ev,.iry _can. lhese are barometric, 15 iTSIG and 30 PSIG.
Thie 15 an 0';IG ;-tandards an, -.upplied by Ametek Model PK-30 self-
re-1atink!, prinnry deadweitlit type, pressure standards referred to
atmosahere. '--he cumputel- softwarN used :'or data reduction corrects tI ese
two j7auge values atainst variation in local barometric pressure and
creates a new transducer calibration curve for every scan. Two absolute
calb:-ation pzre5s:tLeus have been ad.led to this systen, for use in fAture
tests, rand the barmrnetric calibration pressure has been eliminated.

c. Rea lout WElectronic.;

D)ata are cu.i-'cted arJ recoided through use of a Hewlett
Packard 2322B Data Acqrrsition System (DAS-). Tils system .s comprised
of a 2911 guarded ývrot.sbar scanner, 2547A coupler, 2402A integrating
digital voltmeter, 5050B di,,ital recorder, and a Kenne.v 1506 incremental
tape. recei-Jer.

As previously stated, pressure measurements are routed through
four Scanivalve units using Stathai transducers for conversion into
electroni c signals. A "Scanivalve" offers the advantage of using the
same transducer to measure r.nly prezzsures and lend- itself to on--line
calibration as lescribed above. An interface unit was built to program
tlh Scanivalvez, alor4: witi! other parameters,intc the hiP DAS' in a manner
which .minimizes scanning t"'.e withiout conpromising tr4ansdu-c-er settling
ti-ra. Instead of sanpllr ie sare port on al1 wIvaves sequentially
before ;t'-ppina to the next port, the dipita! trface causes each valve

I;o nmove throuh Its next rourlhirig port to its next data point irnediately
after bein.w intterroý-ated. Each transducer then has ar opportunity to
settle out at its next test pressure while two othe•- are sequentially
interro-ated. This sequence is repeated unx_'. all ports are sarpled.
Approxi irately zixseconds lapse for the cntir-e procedure.

Thermocouple outputs axe. routed thr-oJ a Kave Instruments'
Modei KIY,_ electronic ice noint reference into the interface unit and
then to the Itr [)AS.

4. TET FP"ACILI.Y N•..UIn.,.A.IO.

a. i Iotor peod

A Bcntley ,'Anel 3,06 transducer senses six -rooves nmch.ined into
the gearbox/rotor driveshaft coupling,. The output is fed into a Model 3115
proxiitor i;or ijn.nal c-nditicnir:r. The proximdtor sipal is a train of
pulses havirn, a urepetition rate corresponding .o rotor RIPN/lO. ITis

5



repetition rate is directly recorded by the HP DAS. A Bently Model 5030
digital tachomaeter provides a visual indication of rotor speed accurate to
ten RPM. The Tachometer also includes an adjustable speed limitig switch
as a safety feature.

b. Mass Flow

Inlet pressure is metered throug a product series 122 Ball tube
venturi manufactured by B.I.F. Industries with a 12.687-inch throat. Meter-
ing accuracy has been calibrated to plus or minus ore-half percent by the
manufacturer. Static pressure taps are located both in the throat and in

the inlet cavity.

c. Inlet (Plenum) Total Pressure and Temperature

catpressor inlet total pressure is assumed equal to plenum static
pressure Just downtream of the last screen. Four static taps are nwifolded
into one pressure and recorded on two separate Scantvalves. The Maximum
error associated with this assumption is 0.06 percent. Temperature is sensed
by four bare Junction thermocouples located in the same axial plane as the
pressure taps, and supported on two crossed cables.

d. Analog Cuipressor Mapping

An on-line plot of stage pressure ratio vs pseudo mass flow was
effected through use of a Mosely Model 2FRA X-Y plotter. Teledyne pressure
transiucers were used to sense stage inlet P01, stage exit P03 from a mid-
radius stagnation tube and hub P1 (mnasured 0.25 inch upstream of the rotor).
Operational amplifiers were used to ratio exit P03 to inlet P01 and als3
to ratio hub P1 to inlet POI. Stage pressure ratio, was used to excite the
Y-axis while o - (PIP01) was sent to the X-axis. The approximate cotpressor

map so obtained was used to select a reasonable distribution of throttleI ~settings at which to record detailed data.

e. Relative Hurrddity

A Foxboro Dewcel *-,del 27l1T-K222 was mounted in the inlet stack
to monitor humidity. This device continuously measures the moisture content
of the air by sensing the temperature at which the partial pressure of its
water vapor is equal to the water vapor pressure of a saturated salt
solution. 7he humidity information is acqul.red by the DAS as a thermocouple
reading on every test rum arid subseqtently treated in the Phase I data
reduction program.

6



SECTION III

TEST PROCEDURE AND DATA REDUCTION

1. TEST PROCEDURE

Test data were taken in order of increasing speedwith each
speed-line being entirely probed before any data at higher
speed were acquired. The on-line analog x-y plot capability
discussed in paragraph 4.d. of Section II was used to select
the test points, since on-line data reduction was not available.

For each speedline, test data were first acquired at a
partially-closed exhaust throttle settling, after which the
compressor was gradually throttled to include stall. After
recovery, data were taken at several points as the throttle was
openec V'rom near-stall to wide-open. Stall ias indicated by
two sources: the dynamic pressurers across the rotor tip, which
were displayed on oscilloscopes on the test operator's console,
and a microphone in the plenum. Sudden oscillations of the
above-mentioned x-y plotter were further indicators that stall
had occurred.

Data were acquired at the rate of about one speedline per
hour. On dates when elevated speed lines were investigated, a
single test point at each of several lower speeds was taken to
atsure dato integrity by comparison to previously acquired data
at these lower speeds.

Prior to each test, an atmospheric pressure reading was
obtained from a mercury barometer at the test site. The rig
was initially brought up to speed and then monitored for about
ten minutc.,, when it was assumed equilibrium had been reached.
A five-minute dwell at each throttle setting was observed prior
to data acquisition. Two data scans were acquired per test
point on each speedline.

A 12-character test identification number was manually
assigned to each test point 4nd acquired by the DAS as the
first ite.r. of information during data acquisition at that point
haracte~r 1: last digit of year; characters 2-3: numerical

month; charactfr3 4-5: numerical day of month; characters 6-7:
test point num)er on that particular date; characters 8-10:
numerical throttle settinr; characters 11-22: last two digits
of the nominal percent-speed (e.g., 85% = 85; 100% = 00)).
Where two scans were taken at a particular test point automati-
call- each ocan bears the same test identification number.
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Finally, a listing of all raw experimental data which were
acquired during testing of this stage Is provided in Appendix D,
and all computer Input data used for Phases I and II of the data
reduction are provided in Appendix B.

2. DATA REDUCTION - PHASE I

Phase I reduction of the test data was accomplished by
using a slightly modified version of the computer program
described In Reference 6. The modifications are subsequently
described In Reference 3.

In Reference 6, Equation (11) is in error and should be
expressec as follows:

W =Cl .CQ Y d 2 F
h(ya + Yv)

N1o change, however, is required to the actual computer coding

of the original program.

3. DATA REDUCTION - PHASE II

Phase II reduction of the test data was accomplished by
using the computer program described in Reference 7.

To aid in the calculation procedure of the within blade

analysis, a CALCOMP plotting routine labeled DEVPLOT was
developed to allow better visualization of the deviation angles
at eacn rotor computing station and hub, mid, and tip stream-
lines. The DEVPLOT input values used are the final deviation
angles determined during a within blade calculation. The
values are given as a function of normalized axial distance.
A complete listing of this program is given in Appendix Cl.

In addition to the DEVPLOT routine, a second CALCOMP plot-
ting routine was utilized to plot the stator mid-span surface

static pressure distribution for each within blade analysis.
This program is labeled STAPLOT and uses the experimental readings
of the seven suction surface static taps and the three pressureI surface static taps (located on the mid-span of the instrumented
stator blades) as input values. Extrapolated static pressure
values for the stator leading and trailing edges are also input
to the plotting routine. These values are based on the radial

location of the first and last suction surface static taps and

the leading and trailing edge calculated values of static pres-
sure determined by the within blade analysis. A complete
listing of this program is given in Appendix C2.



SECTION IV

RESULTS

1. OVER-ALL PERFORMANCE

The mass-averaged performance of the rotor and of the
Complete compressor stage is tabulated in Table 4 and plotted
in Figure 12. The performance shown is a major improvement
over the original configuration tested (without rotor splitter
vanes) and reported in Reference 3. At 100 percent design
corrected speed, corrected flow was approximately 12 percent
low, rotor efficiency was 5 points low, stage efficiency was
14 points low, rotor total pressure ratio peaked at 3.47
versus a design value of 3.35, and stage total pressure ratio
peaked at 2.77 versus 3.06, respectively. The compressor was
throttled to stall at each corrected speed shown on the map.
The data point nearest stall was taken at a throttle opening
approximately 0.5 percent further open than the setting which
precipitated stall. This change in throttle area is equivalent
to about 0.9 percent of' the annulus area at the rotor inlet.

2. BLADE-ELEMENT PERFORMANCE (ACROSS BLADE)

The radial distritut iomof relative .nlet Mach number,
incidence anrle, Ip*s coeffi lent, deviation angle, and
diffusion factor for both rotor and stator are presented in
Fikures 13 through 82, using Tables 5-11, for each data point
showr on the compressor iTrtp. One set of these five radial
distributions is presented for each blade row at each corrected
speed. In each of these sets, the distributions for all throttle
settingn are superimposed on each respective plot. As described
earlier in Section III, this data was reduced using the full
radial equilibrium equation with the equations of momentum,
continuity, etc. sati.-cled at each computing station for each
streamline. Thlz data, also used for the compressor map, was
reduced with computing stations only at blade-row edges and in
free spaces; there were no computing stations internal to
blade row:;.

3. BLADE-ELEMENT PERFORMANCE (WITHIN BLADE)

The *lata point nearest maximum stage efficiency for each
operating speed was selected for more detailed analysis. The
more detailed analysis involved the introduction of four addit-
ional computlnp: stations within the rotor. The data reduction

was then accomplished In the same manner as before, with block-
ages and deviation angles internal to the rotor adjus;ted so that
the calculated and measured static pressures along the casing
adjacent to the rotor tip were as nearly coincident a:* possible.
The result-- of these analyses include plots of the radial

9



distribution of the same five parameters for rotor and stator
described in the preceding paragraph (Figures 102 through 191),
plots of the experimental (rotor only) and calculated axial
distribution of static pressure at hub, mean, and case (Figures
192 through 201), corresponding plots of the distribution of
deviation angle within the rotor blade row (Figures 202 through
211), plots of the surface distributions of static pressure for
a mid-span section of the stator (Figures 212 through 221),
and a complete aerodynamic description at each computing
station - streamline intersection (Appendix A).

. ROTOR TIP DYNAMIC PRESSUF'- MEASUREMENTS

The dynamic distribution of static pressure over the rotor
tips was observed during operation to assess qualitatively flow
stability during the test. In general, the flow appeared much
more stable at the higher speeds than was the case with the
nrevious compressor configuration reported in Reference 3. Also,
as design speed was approached, the dynamic prez.:ure signal
measured 0.25 inch upstream of the rotor because very weak,
indicating that the passage shock had probably been swallowed.
A few bursts of these data were recorded on wide-band FM
magnetic tape. However, no further processing of these data
was attempted since at no time during the course of these tests
were all elements of the dynamic pressure recording system
wor'king sat' sfactorily simultaneously.

1
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SECTION V

CONCLUSIONS

The mpjor conclusion drawn from the reported tests was that
splitter vanes added to the axial compressor rotor accomplished
their intended purpose of controlling rotor deviation angles at
off-design, high incidence operating conditions with a satis-
factory level of total pressure losses. Furthermore, operation
of the compressor was now close enough to its design point that
it appeared feasible to embark upon the series of boundary-
layer-control modifications originally envisionel to assess
their potential usefulnesz in this type of environment.

The dramatic decrease achieved in deviation angle is best
seen by referring to Figures 222 and 223. The first of these
figures presents deviation angle at the rotor trailing edge
mid-radius location versus rotor incidence at mid.radius on the
leading edge for the original rotor as presented in Reference
3 and also for the new rotor. Whereas a definite trend was
apparent for the original rotor, all data points for the new
rotor fall in a cluster, exhibiting no apparent sensitivity toincidence angle. The single data point shown for each corrected

speed corresponds to operation at peak stage efficiency for each
respective speed. The second of these figures compares the
design radial distribution of deviation angle with distributions
measured at design speed for the first and second rotor configur-
ations. dhereas deviation angles measured with the first rotor
remained well above design values all along the span, deviation
angles recorded for the second rotor remained substantially
lower than design values over most of the span. Only locally
near the tip was deviation observed to rise rapidly above
the design level. This might be due to boundary layer separation
on the outer casing. It might also be due to rotor boundary
layer and wake fluid, rotating ut near blade speed, being
centrifuged outward and collecting at the outer casing.

In order to assess the loss characteristics of the rotor,
it was necessary to divide t!'e measured total losses into I
diffusion losses and shock losses. Reference 8 presents the
results of a cLscade test of a blade section corresponding to
streamsurface No. 10 in the design calculations of Reference I,
with splitter vanes added. At design-point operating conditions,
static pressure along the suction surface of the principal air-
foils was seen to be nearly constant at the undisturbed free-
stream value up to the shock impingement point indicating that
neither precompression nor expansion has occurred uvstream of
the passage shock wave. Consequently, since the compressor

stage passed only about 88 percent of design flow, the suction
surface Macn number Just upstream of the shock wave was assumed

A
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to be increased above the free stream relative value by an amount
equal to a Prandtl-Meyer expansion from the relative free stream
Mach number through an angle equal to the difference betweem
actual operating incidence and design Incidence. Shook loss
was then presumed equal to the total pressure loss through a
normnal shock having an upstream Mach number equal to the
average of the relative free stream and section surface Mach
numbers on any streamsurface. Interpolating between stream-
surfaces, these computations were performed for blade sections
at 10, 50 and 90 percent span. Shock loss was subtracted from
the total loss measured at the same location, and the result
was plotted in the form of Total Pressure Loss Parameter versus
Diffusion Factor in Figure 224. Blade solidity was presumed
equal to the sum of principal blade chord plus splitter vane
chord divided by the mean circumferential spacing between
principal blade sections. Shown in this same figure are curves
derived from Reference 9 and the extrapolation made for design
purposes and presented in Reference 1. The interesting
conclusion drawn from this figure is that at Diffusion Factors
below 0.6, where there is extensive data, the blade section
including splitter vanes performs exactly as would be expected,
upon taking the increaed solidity into account. However, at
Diffusion Factors substantially above 0.6, the blade section
with splitter vanes continues to perform satisfactorily and
with losses lower than expected.

Consequently, the application of splitter vanes to axial
compressor blade rows has potential for configurations combining
relatively low aspect ratio with high aerodynamic loading. They
should be suitable for stationary as well as rotating blade
rows. They may also be suitable for fully subsonic blade
sections as well as supersonic sections for which the concept
was demonstrated. Although the rotor performance reported
herein was good, the data of Reference 8 indicate that the
splitter vane design was not optimum. The simple approach used
for this splitter vane design, which consisted of duplicating
tne camber line of the principal airfoils and locating the
splitter vane in mid-channpl, resulted in very poor pressure
distributions around the splitter vane, including re-expansion
to supersonic Mach numbers according to Reference 8. It appears
that a splitter vane carefully designed in the cascade plane
might prodwce much lower losses than reported herein.
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TABLJE I

INSTRUMENTATION LIST

onT/C nut use)____ ______

063 ___ 41f 45

5AT 6.722.18
- T/C ___E_.8.01 120S

UF Tx- 6.181 8a,023 S

o"I 6.1 all____
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- -- : :it._ . , _i. - ,.i,+ ,W ,

TABLE I (continued)

jITEM TYPE ____ 
CATICH 34RK

1o0 PS .... _____ _____ity
105 Ps __ __ __ __ __ _

107 PT ______

109 PS -0.25 ID 315"

In PS -0,2 OD__13 PS 0.00 (9) 0•• - asJ

fl5 PS 0.25 0D 294s
117 PS 0._50 OD _ 80"__,
119 -"S ,s 0,75 OD 16 ,su

1321 PS 1.00 OD 3t0"S123 PS 1.25 OD 170W•1
15 PS 1,50 OD 290" asn

127 PS -1.75- D0 ' m1" .. . .

19 PS 3.270 8*16 10"

135 PS 3.361 8.184 Vane 16 ___ _ ___

135 PS 3.836 8.190 .... 2 6 ..... So Side Van"
7 PS3 -EiM Vane- 16 a

IL39T4iw- W 16 ...... 4.s_,1,5

143 Ref. *._ _os,

145 Refe . ...... _ ____ee_ _

147 Ref. _30 PSG R__ _ _e_ _ _

201 Atmos ,r__et_ _ -&S•OW
203 PS ....._Se as _o03
205 PS sne as _05
207 PT 07 and 7
209 T 4."281 8.192 Vane 16 _ sidle___ _ I
211 4,559 8.*194 h 6 mume 1I
213 PS -20 JID) ______Tavel__

215 PS -2.00 nIL 225* & 315' !JOlfoldid
217 PS -2.00 OK 45° & EM,_..___
219 PS -2.00 OD 225° & 315* Had
221 PS 2.25 CX) Tans182

40 &44
-- 22 PS 2,255 MIL.S290.5"Q34.5*

225 PS 6.181 (W) 60" 9 _

227 mu PS .18 G - ____g

229 PS 6.181 C0 2521

- _ 6.81 ID ,0 ________

239 PS 6.121 TV 2*o

14i



TAB~LE I (continued)

1?W TYPE

Rat

amM~

I II

IW PT 6.517.0

_pr __ -*

"in~~ ~ T1I 7 * 72 __________0

M~.. PT 6*Ul 7.9601I-2Ra

fl PT 64"ML

419 PT 6.161 7.120 26V St-

4w7 PT 6.181 7.760 ____________

49 P 6.29a 7.960 260 8
T __8 820204s

An P ,2 Im2"

MZ P -6,MI 6120 27*4 15



TABLE I (concluded)

2~ MMM-It #u imI**a
4437 PeT ______ SAW__ _____________to"__4m

-1 m.01.25 CS 39'1 mKiI

70416



TABLE II

CALIBl1ATION OF SAMPLE THERMOCOUPLES

BATH SET JT AVG. OF 9 SAMPLES MAX. SPREADSOc• OF- OF .+OF

S65 14.8.1 148.4 O.1

IGO 211.14 210.9 0.1

150 300.8 301.4 0o.4

175 346.5 346.4 0.5

SA Oil Bath Set Pt.
B Mueller bUrdre readout converted to temperature.

TABLE III

""A....ATION OF TEMPERATURE READOUT ELECTRONICS I

SET PT. PRINTER OUTPUT MAX. SPREAD
Avg+ 0 F Avg* 'F ±OF

148.2 148.3 0.2

210.7 210.7 0.2

301.7 301.7 0.3

345.4 345.5 0.4

+ Ave.a•re of two calibrated T/C's.
* Average of eight channels.

1
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TER IFICATIGI OF SIM=S
MR 501-91M ACWXS-BLALE FJGU5E

TEST XDBE1FICATICN sWo

2120S061S050

21205081575G '

s120S09162S0

2120SI01L05S

212SIm42SO

2120S12122S0

35



CIO

a--

40 Cj

/Ls L2WLi
C2

Go I e- 0 I t
J3N'3i.)Ni8010

.4 JO SiAi8008

~-r~ g~.j~t_

AJNIIJ~id~J1~ U-iuo~~ ~ooc U

c7t

C.,

06 aý 0 a - U.W rs! s

36



Lai

In

IV-

0'm

too

NOLINIAIAC SOICS I

37



a

Itci:

I ~ ~ ~ LC IF.-DS.") I i

app

( 0S13'3. -4 1 C i 0
c , 3  Lc .

00-,

cr

Ii G o iON ~I H3W8iB

'a-0



TABLE VII

VDW PIMCATG OF seemS
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TAKLE IX

IUfIFICATION OF SN4LS
OR 0-SOE%- AOS-KBLADE FIGINS

TEST ID IFICATION SYMOL

21207101S080 G)
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2120715J.5980 X
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TABLE X

IDENTIFICATION OF SY4BOLS
FOR 8S$-SPEED ACROSS-BLADE FIUJRES

TEST IDENTIFICATION SYMBOL

301180915685

301181015885

301180615085

301180815385
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TABM XI

IDE~drMICATIONJ OF sMtMoS[ FOR 90%-SPEED ACRSS-BLA4E FIGLURS

TEST IrrIFICj IONq SW4OML

301181515590 (D
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30118171S990 +
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55

55



40 ta

~g a

eii

L30

CL

a:

00 F 00~a ______ -____; _ Nd

w102 at1 1OiO

-l 1 0 L

Ckri

0 a
00 1 A (fol 0.0 O o 60 o

ON H0W1SSISSO3AJ OD

U.

56



C.

II

Ci.

0

*.4

ua o

C3

"r .

czi

7.2 7.6 8.0 8.4 8.8

ROTOR OUTLET RADIUS S

FIGURE 70. ROTOR DEVIATION VS OUTLET RADIUS
(90 SPEED)

57



0

ID

Lo

L,)

0

0

PIQUE 71.ED

Lcc



CCD

2 -A

L)a- 2= to a

LIL

G ll qr

GN H./)'-



Z I nrICAnCIN OF SYSCL

0130MM1509S

3012304IS39S '

301230SIS69S+

60



M

n (

ir LU D

w' Of e

- L 
LA-

0-

(0 CL

LL ~,I -U

LUJ

!- Lk

LLJU

LA 1

LL L



-r- rrr Z

9

0

€•P
z

.j

C),

to

C,

20 7. 5£; P. cc3 9.40 S. 8G
ROTOR OUTLET. RADIUS6C,



'1 PUF

1*A

'-4-



0 _j

oc,~o a- a ii0
.1-'C

C-,-

0ri 10* Dlp 00 0.

-1

to Mc

64-



TABLE XIII

IDENTIFICATION OF SYMBOLS
FOR 100%-SPEED ACROSS-BLADE FIGURES

TEST IDENTIFICATION SYMBOL

301231515600 4
301231615700 %7

301231315200 +

301231415400 X
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TABLE 1WV

XDMrJICATION OF SOMIS
FOR 102%-SPEE ACRSS-UUA FIGS

T~r IEIFoIrwCATCN eo

3012408153020

30124091S602 v
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APPENDIX A

PHASE II WITHIN-BLADE ANALYSES (COMPUTER PRINTOUTS)

This appendix presents the aerodynamri .:sultLc (in the
form of computer printout8) C!'- the he 1 I within-blade
analyses for the ten to.it pcili,ts selcted for- that analysis.
The printout ao' input d(ata WJCiJ cr.eced, th., mr:t,.:,'a1 preserted
hereJn ha been remov.,d In oder' t' keep the num: ! f pare.,
to a ',:n'!mun. The •nput data ,joed in eacl ,f tzise ana''.;if2
are pro.'eiite, in Appenidix B.
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APPENDIX B

COMPUTER INPUT DATA FOR DATA REDUCTION

KEY

S F CT'! 1,N 1. Common Phase I Data

SETION 2. Cormon Pha-;e 7ý Fixed Data
(Lof" 3) Across Plade

SECTrON 3. Common Phase !I Input and Test Point Data
(Log ?, Lor 4) Acr:oss Blade

SECTION 4. Common - haje IT Fixed Dat,1
(Log, 1) Within ý31ade

S!.. 'TN 5. Common Phase IT Input and *'est Point Data

(Log 3, Log 4) Wit,.n Blade

C T1ECTON 6. individual Test Input Data

a. Exceptions to Section 1 Data
(indicated by (1))

V. Exception,- to Section 2 Data
(indicated by (2)

c. Exceptions to Section 3 Data
(indicated by (3) )

d. Exceptions to SectiLn 4, Data
(indicated by (4))

e. Exceptions to Section 5 Data
(indicated by (5))

29)1



SECTION 1. COWIN PHASE I DATA

EASIC DTA DECK
31 1
4640.618 W4064166 4080.816 4.9601881 492.0666 494S6 9.86 4800
566.686 992.04110 104.6066 166.60868 s10.06 $10.0906 912.61166 514.0680t
51601uo1 $losses$ $2a..oos angles$ $24.6016 $2600080 fto~o$04 53108441
532.6060 534.6801' 536.6666 934.0666 54 10.60 542.0060 54*.0060 54460009
54681112. 55681646 1526uaua 554.61 1 6.16 sml IA .....1 566.0606

.o1os .6349 .616s .AM6 *loss .1961 61841 .1126

0121? .1315 .14*6 .1132 .1692 .1700 .1116 .2001

916 3 4s 44i 44 956 051.60662 61,li!11r1 - 64 4.:;:4ti' 0:ijI! :848 * 093 0946 .15?

11200.160 060.9600 los3$$700

1o 1.
423.5062 447.0163 49948450 5477.866 S92,1666 507.1160 3122.160 537.5000

49160.200 506S.08I0 110.OOI8C 549*21.60 130.1609 14601061 1568.081 56.0800l

.2749712-1 -.47 096 SIA 991 os? 916 1

14*694.20EO 19046-3 -22222I.1122-0

&solos 51021- 1 227414 032-154 114 021 246

16 13o 101 Ia?*S 1 69 411 1C11 1177 111 912 131251812 '1 29l 131 49 13 35137*5130
$525814. 1 641 44 147195344 6$58 2*18 39116690

29401 0361 28807826 21 213 51 12119 221 2238 *21 22?10 22 9 123 1 823 254237 239

241t24lj9 2232466-3 241 24.7SE

3 4

361 363 365 107 309 311 313 3115 117 319 121 123 125 327 329 331 333 335 13? 1339
;A 31343 345134.7

2i 24
401 203 265 24O 469 411 213 4.15 41? 419 1.21 423 421 427 229 431 233 235 237 439
241 243 245 24?.

381 303 6 3 82 30 39 31t 3105 3107 31 9 32 1 3292 2 9329 3 1733 39 33? 390

SO 60 61 62 63 64 65 66 67 60 69 70 71 72 73 74 71 76 Y? 70

1 2 3 4 5 6 7 4 9 11 11 12 13 141 15 16 17 1S 19 21
21 22 23 24. 25 26 27 21 29 30 31 32 33 34 35 36 37 30 39 46
4;. I
-.00047 -.0065 -.06613 -else$ .6662 69814 .6666 Sell$
.0011 .0013 611 AM61 *logo 06622 .06424 .6027
.00029 .0631 .0134 81036 06936 61941 .6643 .atos
.04.04 .005 66652 .0014 *easy Jo6ss .0661 e1863

460,9998- 470.6606 os40660 490066 560.6006 5116.666 526.6666 5136 1016
54.6.6060 55001 5690.666 576.666 116.6060 19.60 M66.660 616.066
626.8060 630.6660 646.6666 61600860 $660.666 6.006618 600.6066 696666
706.6006 716.0666 726.6616 736.6600 746.6666 750.6166 766.6000 776.6600
7806.6006 ?90.6101 0$866006 010.0666 826.0606 036.6608 $410.618 056.0186

Preceilig page bmu



INSTRUN£ENATOk DATA DECK
1 S 0 5 S 139

20371.4.00 ?62?2 7.64( 8GO009
1"466G 2.9228 4.4122 5.611 7.34.12
7.6711 6.1610 8.121C 1.2s50 103711
?*soloI ?0960 1.121(C .2011 1.404166

14.69G6 310.6110 5334.2C 85.0751 77101216
1 2

10? 206
2 4
2 3 4 5
3 10

327 323 319 315 311 329 325 121 317 313I 1014 12 10 0 6 15 13 11 9 7
5 25

335 405 415 425 435 331 401 411 421 431 337 40? 41 4.27 437 333 4.3 413 423 433
339 409 415 429 439

e 25
36 31 26 21 16 3q 34 29 2. 19 3? 32 2? 22 17 46 35 31 25 21
30 33 26 23 18

7 0
233 235 237 239 225 227 229 231

e 4

105 103 205 2039
213 215 217 219

10 9
060000 ,103 .5O0C *7500 100006 1.2500 1500* 17560 I
200080

113 115 117 119 121 123 125 12? 129
11 7

131 133 135 13? 139 209 211
12 3

305 3C? 309
13 3
I

14.3 14.5 14.7

243 24S 247

34.3 315 347

4.43 4.45 4@4.7
14 2

223 221
15 2
109 111
16 2

101 201
99 50

OTHER DATA
6 1 1

(1) 14.2260 15.0008 30.401C
EI060 G5000 .SOOC

EDITING CAIA OE•K
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SETO 2. COWIN~-1' PHS-1FXDDT LG1

NUHB~ JF TATINS =10
t4L~_*ROF SPýALINS z21

MA~r4U t4019'zf O PH3Ir ARY.SE AII IEDDTA(O 1)

rCTALIii MIFERTUdS. Sr-P, -IN- -ICA u

S~TC4N? ScRFimTN o ]M t
NxHTaR 1, STT--LA-C4

7SFLtIUtT 3YZ~T~~

STATION 2SPECIFIt.E. Vi 2 PCINTS

sl AT rr4 TSFTCtvFFV' 2YT-- 2 lCiTWT--

5.5005

- -- 7..i0flf -.-io31

2.20003

2#2000

.Z7*31 I43cL__
i1002*3z----------------------

5.edo2.4j 29 5



SIATION aSP:*CXFI.:C tiY 2 FCINIS

ilATIGN 4 SPiC2IFTED OV 2 FG'CISd

RSTI% _ -N _ ____________

STATIOA: 10 SP:CXFIL0g 4V 2 FCItTS

RSTt. XSTh

i1A1I~I. CALCULATIONI SPECIFICATICN AND0 GLACINC CATA

SIATICN 2 viCALC 0 NOAIlS -0 N'aL =-Cl

-fl-AT-f-~t---i- tXAi.t I --*u.Al -L-i MUM t00

ýAljb !TA :EPETIif aLCC.KAGc. THE-TA

5.j.?8c -o2.00il 6*082, .014.50 .2192
-- o.*93b6 -o2o23a- be~a9 s.014.20 .2168 9 ___ _____

7.2131 -o2.a379 b. 28'.E 004390 92120

?:77 -0.70621- 2AG31 801330 26
7*9427 -tO..,112 isa .132,) .2048

S~~8.1529 -b5.0037 -1.185d *:j3133 -*2051 __________

8I.4791 -(,691881 -59E474 .131360 .20378

6.9iOO -68.28R7 -9.5206 .131450 0215?

() SIATZUAd 5 14CALC ., 4 NDAIA 15 NOL =0

7 .bdS9 -14*1312 9.3776 .0'.185 -. 1091

7.604 17135 71593 .0*02', -. 1116

3.044'2 -Z0*2566 7.6047 003806 -.1151

6*2562 -22.'4622 12o20CE .03633 -. 1.202
________ 373fJ -2I.4:0 13..w:is .03sG% -sia

S*4623 -23.4032 lj4cs4z .03545 -. 1922
8*5549 -23.4990 13.l1e4C .03496 H.127

- i~ft~tt---3-ot~t. .03won -. i0

() SIA TIO1HN -- ---- bQL_=2_2JOA z -- ALJEL5 r-

296



(2 $TAT ION 7 NCALC =I %DATA 10f NOL 0O

b, S8601 -37?3 ____

t: j 49:8360 -M144e': .053 Is68.

a ~ ~ I 021 *075 ,11;1 t 3 2
____ 1* 4 44*3 -- 4 e0 I. It aaa

.672 r, se .o2i' *0113

STATdiJ 6 #JCALG m 3 N.OA1a 1o to Ne

q--AOXUiS .2TA EPbILC0 ECCKAGE THETA

7.5000 -6o7606 .0181 *00s-916 .0001

? i 7 -. bb66 .0180 :0086- :8001
7:8750 -6.1755 .0121 .08 so00

8.121560 -654063885 *C03 .8l 923 .00
5*2509 -9oG063 -:002t .0 919 0.60000___
-- 8-09 a 4 -- 0 u u 896 u.uuoo
6.5300 -101333 -.0255 .00814. 00001

() STATIIjN 4 E t4CuLC z0 INDATA 0 NUL = ___

STATIO~N 10 NCALý 0 NDA10 = N9I. =i

____IýCoDgn lrq.lS CcFPATclAL Lnss FI

4.00 ' ge.09CC

-OLILET RAMz__co

M-CORL GEVATIN ACLE(CEGREES)

1.00006 10CCCG

STAT~q kENERALISLU FE;FC~tAMACE LCS$. 2 FOINTS DEVIA71CN 2 PCINTS

140000 1*COOC.

4-COOp~l O-E-VjATIOte AhGLk~ (O:GREES)

NLFV : OF TLST POINTS TC BE ANALVs:C 4.
() PSC.ALE 4e.00 PLOW:Q: 1Z.GO C~fFF= 4..000 NSAVE= I NNPAXz 0 PFCRCE= 0 NEX= 2

297


